In this paper, a practical Multidisciplinary Design Optimization (MDO) system for an aircraft design is developed. The MDO system is based on the integration of computational fluid dynamics (CFD) codes and the NASTRAN based aeroelastic-structural interface code. Kriging model is employed to save the computational time of objective function evaluation in Multi-Objective Genetic Algorithm (MOGA). As a result of optimization, several nondominated solutions, indicating the trade-off among the drag, the structural weight, the drag divergence and the pitching moment, have been found.
I. Introduction
conventional aircraft design has been emphasized mainly on an aerodynamic performance and auxiliary design revisions have been done to satisfy other design requirements from the structure and the system. However, based on such aerodynamically oriented design, it is difficult to design the aircraft considering interdisciplinary trade-off, which is particularly remarkable between aerodynamic (minimum drag) and structural (minimum weight) performance. Recently, researches of MDO for a realistic aircraft design are conducted by industries and universities 1, 2 . In Japan, a 5-year R&D project has been in progress toward the development of an environmentally friendly high performance regional jet aircraft under auspice from New Energy Development Organization of Japan (NEDO) since 2003. In the project, new technical features have been investigated by industry-government-university cooperation 3 . The conceptual image of a regional jet aircraft is shown in Fig. 1 . For the success of the project, a practical MDO system for regional jet wing design is required.
Chiba et al. developed the proto-type MDO system using MOGA and high-fidelity aero-structure analysis models, such as unstructured Euler/Navier-Stokes CFD solver and NASTRAN 4, 5 . Though this MDO system was successfully applied to the regional jet wing design considering aerodynamic, aeroelastic and structural design, the system revealed following problems:
i) Inadequate airfoil shape definition ii) Tremendous computational time for function evaluation iii) Deficiency in CFD mesh generation In this study, the proto-type MDO system is improved to overcome these problems. 
II. Improvements of MDO System

A. Improvement of Airfoil Shape Definition Technique
In the proto-type MDO system, the modified PARSEC method 6 ( Fig. 2) is used because the number of variables is very small and the variables are directly associated with aerodynamic performance. However, this method often fails to express a detailed shape of airfoil, especially near the leading-edge region. In this study, NURBS 7, 8 (Fig. 3 ) technique employing the B-spline function is adopted here. A total number of the design variables is 26. Figure 4 shows the result of the airfoil expression by PARSEC and NURBS. Figure 5 compares the root mean square (RMS) of the difference between original airfoil and airfoil defined by PARSEC and NURBS. According to Fig. 5 , NURBS expresses the original airfoil more precisely than PARSEC. 
B. Kriging Model
In the proto-type system, time-consuming high fidelity solvers were used for objective function evaluations in Multi-Objective Genetic Algorithm (MOGA). Even with a high performance supercomputer facility, it required a tremendous computational time.
To make the system practical, an approximation model is introduced in the optimization. The approximation model used in this study is the Kriging model 9, 10 . This model, developed in the field of spatial statistics and geostatistics, predicts the distribution of function values at unknown points instead of the function values themselves. From the distribution of function values, both function values and their uncertainty at unknown points can be estimated as shown in Fig. 6 . By using these values, the balanced local and global search is possible. This concept is expressed as the criterion 'Expected Improvement (EI)'
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. EI indicates the probability being superior to the current optimum in the design space. By selecting the maximum EI point as an additional sample point of the Kriging model, the improvement of model accuracy and the exploration of the optimum can be achieved at the same time.
In this research, drastic reduction of computational cost has been realized by replacing the time-consuming high fidelity solvers with the Kriging approximation models. The overall optimization procedure using Kriging model is shown in Fig 
C. Automatic Computational Mesh Generation
In the previous system, surface spline function of geometry deviation (∆z) was used for the modification of the wing shape (surface mesh), and then the volume mesh was modified using the unstructured dynamic mesh method 13, 14 . However, this method sometime produced the distorted surface mesh around the leading edge as shown in Fig. 8 . In this case, the system discards the geometry and generates another geometry using MOGA until a valid CFD mesh is obtained. Consequently, this process may lead the optimization to an undesirable direction. Therefore, in this study, a speedy and robust surface mesh generation system have been developed. Wing-body configuration surface mesh is automatically generated in the following steps.
(a) Generate the wing geometry that satisfies the design constrains.
(b) Extract the intersection line between the wing and the body.
(c) Delete the wing geometry which is inside the body and unite the wing and the body. 
III. Revised MDO System
Flowchart of the revised MDO system is shown in Fig. 10 . This MDO system consists of the mesh generation module, CFD & CSD module, and Kriging model & Optimizer module. 
Accuracy of the model is sufficient? Yes
In order to evaluate aerodynamic and structural performance, CFD&CSD module in Fig. 10 is performed. The procedure is as followings:
(a) Full potential analysis is performed for all Kriging sample points and Euler analysis is performed for several points to validate the full potential analysis.
(b) Using the pressure distribution obtained from FP/Euler analysis, structural and flutter analysis models are generated by FLEXCFD which is an aeroelastic-structural interface code.
(c) Structural optimization to minimize wing weight that satisfies the strength and flutter requirement is conducted. Figure 11 shows the CFD and CSD meshes. In the CFD-CSD coupling module, structural optimization of a wing box is performed to realize minimum weight with constraints of strength and flutter requirements. Given the wing outer mold line for each individual, the finite element model of wing box is generated automatically by the FEM generator for the structural optimization. The wing box model mainly consists of shell elements representing skin, spar and rib, and other wing components are modeled using concentrated mass element. In the present study, MSC. NASTRAN 4 which is a high-fidelity commercial software is employed for the structural and aeroelastic evaluations. 
IV. Optimization Problem
Using the revised MDO design system, the aero-structural wing shape design is performed here. 
A. Definition of Optimization Problem
B. Optimization Results
In this optimization, the update of Kriging model has been performed in five times. In total 160 sample points were used. Figure 12 shows performances of the baseline configuration and those of additional sample points after several iteration steps. As iteration progresses, individuals move toward the optimum direction. It means that the additional sample points for update are correctly selected. One of the non-dominated solutions (Point A in Fig. 12 ) is found to be reduced by 6.2counts in drag, 0.4counts in drag divergence, 79.4counts in pitching moment, and 74.0kg in wing weight compared with the baseline shape. If the optimization problem has less than three objectives, trade-offs relation can be visualized by using conventional two or three-dimensional plots. However, if there are more than three objectives, an advanced visualization technique which can show the trade-off relation of high-dimensional data is needed. In the present study, Self-Organizing Map (SOM) proposed by Kohonen 17 was employed to identify the trade-off relations between objectives. This method has been applied to data mining of aerodynamic design space 18 . All of the non-dominated solutions have been projected onto the two-dimensional map of SOM. Figure 13 shows the resulting SOM with 15 clusters considering the four objectives. Furthermore, Fig. 14 shows the same SOM colored by the four objectives, respectively. These color figures show that the SOM indicated in Fig. 13 can be grouped as follows: The lower right corner corresponds to the designs with high drag and low drag divergence. The lower left corner corresponds to those with high drag divergence and low wing weight. Figure 14(b) and Fig. 14(c) show that there is a trade-off between drag divergence and pitching moment. Furthermore, Figure 14 (b) and Fig. 14(d) show that there is a trade-off between drag divergence and wing weight. As the coloring in Fig. 14(a) is similar to that in Fig. 14(c) , there was not a severe trade-off between drag and pitching moment. Next, solutions uniformly distributed in the design space have been projected onto the two-dimensional map of SOM. Figure 15 shows the resulting SOM with 13 clusters considering the four objectives. Furthermore, Fig. 16 shows the same SOM colored by the four objectives, respectively. These color figures show that the SOM indicated in Fig. 15 can be grouped as follows: The right edge area corresponds to the designs with low drag divergence and low wing weight. The upper right area corresponds to those with high drag divergence. The upper left corner corresponds to those with high drag and high pitching moment. The lower left corner corresponds to those with low drag divergence and high wing weight.
As a result, there is no sweet spot in this design space that improves all four design objectives. If the drag divergence is tolerable, the right edge area will be a sweet spot for design. 
V. Conclusion
In order to construct the practical MDO design system for aircraft, following techniques are adopted in this study: 1) NURBS airfoil shape expression method 2) Optimizer based on Kriging model + MOGA 3) Robust computational mesh generation system Furthermore, in order to evaluate aerodynamic and structural performance, CFD (full potential/Euler) and CSD (NASTRAN) coupling module was applied.
The present system was applied to the wing design problem that considers the aerodynamic and structural performance simultaneously. As a result of optimization, non-dominated solutions were generated with 160 function evaluations. One of the non-dominated solutions is found to be reduced by 6.2counts in drag, 0.4counts in drag divergence, 79.4counts in pitching moment, and 74.0kg in wing weight compared with the baseline shape. Therefore, it has been verified that the revised MDO system is very useful.
Moreover, Data Mining for the design space was performed using SOMs. In the case of SOM obtained from non-dominated solutions, it was found that there were trade-off relations between the drag divergence and the wing weight and between the drag divergence and the pitching moment. In the case of SOM obtained from solutions uniformly distributed in the design space, it was found that sweet spot exist if the drag divergence is tolerable. Data Mining using SOM provides knowledge regarding the design space and may salvage lost information during the optimization operation.
